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Sub-Kelvin refrigeration with dry-coolers on a rotating system
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We developed a cryogenic system on a rotating table that achieves sub-Kelvin conditions. The cryogenic
system consists of a helium sorption cooler and a pulse tube cooler in a cryostat mounted on a rotating table.
Two rotary-joint connectors for electricity and helium gas circulation enable the coolers to be operated and
maintained with ease. We performed cool-down tests under a condition of continuous rotation at 20 rpm.
We obtained a temperature of 0.23 K with a holding time of more than 24 hours, thus complying with
catalog specifications. We monitored the system’s performance for four weeks; two weeks with and without
rotation. A few-percent difference in conditions was observed between these two states. Most applications
can tolerate such a slight difference. The technology developed is useful for various scientific applications
requiring sub-Kelvin conditions on rotating platforms.
PACS numbers: 07.20.Mc, 07.57.Kp, 11.30.Cp, 14.80.Va, 84.40.-x, 95.85.Bh, 98.80.Bp, 98.80.Es
Making a low temperature condition on a rotating plat-
form is a key technology in a number of science exper-
iments, e.g., tests of Lorentz invariance1,2, searches for
axions3, and radio telescopes for astronomy and cosmol-
ogy4. In a previous publication5, we described a cryocool-
ing system on a rotating table; the lowest temperature
achieved was 7 K using a two-stage Gifford-McMahon
cryocooler. In this paper, we report a lowering of the
lowest temperature to 0.23 K. This advancement allows
superconducting devices to be used in the system. In
particular, attaining temperatures below 0.3 K is an im-
portant milestone in regard to precise measurements of
the cosmic microwave background radiation4.
The sub-Kelvin refrigeration system consists of a pulse
tube cryocooler6 and a helium sorption cooler7. A
schematic of the cryogenic system with rotation table
is shown in Fig. 1. The cryostat on the table holds a
two-stage pulse tube cryocooler (PT415-RM, Cryomech,
Inc., Syracuse, NY, USA); the cooling power for the first
stage is 36 W at 45 K and for the second stage is 1.35 W
at 4.2 K. A series of two rotary joints maintains the si-
multaneous circulation of electricity and helium gas be-
tween the cryocooler and a compressor positioned on the
ground. Further details about the operation of the cry-
ocooler are described in our previous publication5.
For ease in handling the helium hoses, we used
1/2”-diameter hoses on the rotating table although the
cryocooler specifications require 3/4”-diameter hoses.
Hence, we changed the diameters of the input/output
ports for the gas joint and of the ports of the motor head
for the cryocooler by using additional connectors between
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FIG. 1. System schematics. The helium sorption cooler is
set at the second stage of the cryocooler. The sorption cooler
was surrounded by a copper shield which was maintained at
∼ 4 K.
each port. Differences in conductance produced a differ-
ence in performance of the cryocooler8. However, this
difference was small enough for tests to be performed as
the expected cooling power loss was at most ≈ 0.3 W as
determined by heat capacity measurements.
For further cooling below 4 K, we used a three-stage he-
lium sorption cooler (CRC GL10, Chase Research Cryo-
genics Ltd., Sheffield, UK) set at the bottom of the sec-
ond stage of the cryocooler (Fig. 1). Its base plate tem-
perature was kept at 3.8 K. Each stage has a tank which
stores liquid helium and a cryopump which adsorbs he-
lium vapors. Using the cryopump, each stage reaches
its desired cold temperature by vaporization cooling. As
the three stages contain sequentially 4He, 3He, and 3He,
we labeled the coldest place in each stage (and each cry-
opump) “He4” head (pump), “He3I” head (pump), and
2FIG. 2. Photo of the compact size switch controller necessary
for the operation of the sorption cooler. Six boost converters
and six current limiters are used in the controller.
“He3U” head (pump), respectively. The stages are ther-
mally connected in series; the temperatures attained de-
crease in the order He4 head, He3I head, and He3U head.
The temperatures specified in the catalog for each head
are approximately 0.25 K (He3U head), 0.35 K (He3I
head), and 1.0 K (He4 head) under loading conditions of
3 µW, 40 µW, 200 µW, respectively. The holding time
for the He4 head is more than 24 hours (the other two
heads have longer holding times under these conditions).
We confirmed these specifications in advance using a dif-
ferent setup.
Each cryopump was controlled via two heat switches:
the “cold” and “warm” switches. The cold switch main-
tains the cryopump, where helium vapor is adsorbed, in
a cold state (∼4 K). The warm switch9 raises the cryop-
ump temperature (up to 55 K), i.e., it increases pressure
in the tank. Liquid helium accumulates in the tank at
conditions above vapor pressure. That is, each cold head
reverts to the cold state when the cold switch is turned
on. In contrast, each tank is refilled with liquid helium
when the warm switch is turned on. For all three stages,
we call this refilling cycle of the liquid helium “recharge”.
For the control of each cold switch, we need a power
supply of 3.5 V DC. To operate the warm switches at the
He4, He3I, and He3U pumps, we also need a power sup-
ply of 20 V, 15 V, and 10 V DC, respectively. Recharging
requires controlling these switches. To save space on the
table, we developed a compact size switch controller. The
controller consists of an AC adapter, six boost converters,
and six current limiters. Supply of the DC 5 V power was
performed using an AC adapter from the single-phase AC
100-V power supply, which is connected via the electric
rotary joint5. The boost converters supply the correct
DC voltage to each switch. The current limiter consists of
a 3-terminal regulator (LM317, Texas Instruments Inc.,
Dallas, Texas, USA). Each current into the switch is mon-
itored using an analog-to-digital converter (ADC-16, Pico
Technology, Cambridgeshire, UK). Figure 2 shows a pho-
tograph of the circuit for the boost converters and the
current limiters. The output power for each switch was
controlled by built-in relays of a temperature monitor
(Model 218, Lake Shore Cryotronics, Inc., Westerville,
Ohio, USA). This monitor was also controlled by a com-
Jan.01
21:00
Jan.02
03:00
Jan.02
09:00
Jan.02
15:00
Jan.02
21:00
Jan.03
03:00
10-1
100
101
Te
m
p
e
ra
tu
re
 [
K
]
He3U head He3I head He4 head
FIG. 3. An example of refrigeration cycles for the sorption
cooler on the rotation table at 20 rpm. Variation of temper-
atures at each cold stage is shown in this plot. We confirmed
that the lowest temperature and holding time were consistent
with specifications of the sorption cooler.
puter via its serial interface.
There were ten thermometers on the sorption cooler.
A CernoxTM resistance temperature sensor (Lake Shore
Cryotronics, Inc., Westerville, Ohio, USA) was mounted
on the He3U head. A ruthenium oxide resistance sensor
was mounted on both the He3I and He4 heads. These
three resistance sensors were measured using AC resis-
tance bridges built-in on a cryogenic temperature con-
troller (Model 44, Cryogenic Control Systems, INC.,
Rancho Santa Fe, CA, USA). The remaining seven ther-
mometers were silicon diode sensors; they measured tem-
peratures of each heat switch and at an intermediate lo-
cation between the He4 head and the He4 pump. They
were monitored using the temperature monitor which was
used for the heat switch control. All data were recorded
and stored on the computer at 10 seconds interval.
We operated the sub-Kelvin cooling system on the ro-
tating table at 20 rpm. Figure 3 shows temperature
trends of each head in the interval between each recharge
cycle. The temperature of each head fell below 234 mK
(He3U), 267 mK (He3I), and 787 mK (He4), respectively.
The time interval between two recharge cycles was more
than 24 hours. This is consistent with the specifications
of the sorption cooler.
Control during recharging was made easy using soft-
ware based on Python scripts; the program executed tem-
perature monitoring and control switching. An “auto-
recharge” programwas used to monitor long-term trends.
Recharging starts when liquid helium in the He4 head is
exhausted; the timing is synchronized when the temper-
ature of the He4 head rises above 1 K. During liquid he-
lium refilling, all cryopumps are maintained at 50–55 K.
Refilling took one hour. The cold switch of the He4 stage
was primarily turned on after turning off its warm switch.
The cold switch of the He3I stage was turned on when all
three temperatures of each head fell below 2 K. The cold
switch of the He3U head was turned on after a one-minute
interval. The time required to recharge was typically 3.5
hours.
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FIG. 4. Four-weeks temperature trends at each head for each
cycle. THe4, THe3I, and THe3U are the minimum temperature
at the He4, He3I, and He3U heads, respectively. Error bars
of each data point represent fluctuations in the thermometer
response. The bottom graph gives the trend in the holding
time. The table was continuously rotated at 20 rpm for the
first half of the period and stationary during the second half;
the rotation was stopped January 10th. Most applications
can tolerate such a few percent differences in performance
over the two periods.
Trends of the minimum temperature10 at each cold
head are shown in Fig. 4. For the first two weeks, the ta-
ble rotation was maintained at 20 rpm, and was stopped
for the second two weeks. Error bars of each data point
represent fluctuations in the thermometer response. Af-
ter the rotation was stopped, changes in the minimal tem-
peratures as well as the size of fluctuations indicate tiny
vibrations arising from table rotation (< 4× 10−3 g with
an accelerometer) that might cause extra thermal load-
ing. Heat capacity measurements of the cooler with a
different setup indicate a loading of <
∼
0.1 µW for He3U.
The extra loads also produce changes in holding times
during the interval from the time the He3U head reached
a temperature below 250 mK to the time the liquid he-
lium in the He4 tank is exhausted. The size of the ef-
fect is confirmed in Fig. 4: ∼ 15 minutes difference over
24 hours of holding time. The differences in tempera-
tures and holding time were only <
∼
1% and 2%, respec-
tively. Both comply with the specifications of the cooler.
Nevertheless, most applications can tolerate such slight
differences.
In summary, we developed a cryogenic system for a
rotation table that attains sub-Kelvin conditions. The
system consists of a helium sorption cooler and a pulse
tube cooler. A series of two rotary connectors for the elec-
tricity and the helium gas circulation enables the coolers
to be operated. We performed cool-down tests on the ro-
tating table at the rotation speed of 20 rpm. The catalog
specifications of the coolers were confirmed; the coldest
stage achieved 0.23 K with a holding time of more than
24 hours. The test lasted four weeks under the control of
a auto-recharge scheme (when exhausted, liquid helium
was automatically refilled). The table was continuously
rotated for the first half of the period and was stopped for
the latter half. We observed a slight difference of a few
percent in performance over the two periods. We have
established an important technology for use in various
science experiments which require sub-Kelvin tempera-
ture conditions on a rotation platform, as for example, in
the precise measurements of the cosmic microwave back-
ground radiation using superconducting devices.
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